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A technique for providing range correction values 1n a laser
rangelinder range processor uses return pulse width (rather
than return pulse amplitude) for correcting amplitude (range
walk) and speed of light problems. A plurality of range cor-
rection values may be generated 1n a test setup (by simulating,
return pulse delays) and stored 1n a lookup table based on
return pulse width, nominal range (time of return), and other
factors such as temperature and pressure. The technique 1s
also capable of correcting other problems such as recerver
delay. The technique allows for the use of a saturating pream-
plifier with the increased sensitivity that it offers, and 1s
relatively simple to implement, as 1t may be embedded within
a digital processor (DSP) or gate array that 1s normally
present for a basic range counter implementation.
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ACCURACY OF A LASER RANGEFINDER
RECEIVER

TECHNICAL FIELD

This invention relates to rangefinders, and more particu-
larly, single shot laser rangefinders.

BACKGROUND

A time-of-tlight laser rangefinder transmits a pulse of laser
light and measures the time to the echo return recerved after
reflection from the target (round trip time of flight). The most
common method of determining the start, and stop or return
time, 1s by leading edge detection of the return pulse, when
the leading edge crosses a threshold value. The threshold
value may be established to exclude false alarms due to noise
(typically one false alarm per thousand shots).

The amplitude of the return pulse varies as a function of
laser peak power, target reflectivity, atmospheric transmit-
tance, target angle, target retlection characteristics, target
s1ze, beam divergence, and range. Some elfects, such as
range, may be compensated for by varying the recerver gain or
threshold amplitude (such as by using time programmed gain
(TPG)) as a function of time (range). Some other factors may
cause two orders of magnitude vanation in return signal, and
resulting variations (errors) in measured range.

FIG. 1 1llustrates how the amplitude of the return signal can
alfect range measurement. A firing pulse 102 has 1ts leading
edge threshold crossing at T,,. This starts the range timing
process, and the amplitude of the firing pulse 102 can be
controlled. (The timing of the firing pulse can vary with
different laser types, but 1s not dependent on external factors
such as range, target. weather, etc. 1n T,.)

A strong return pulse 104 has 1ts leading edge threshold
crossing at T, . Range (see arrow labeled “range”) to the return
pulse 104 1s derived from the elapsed time between'T,and T,
(distance=velocityxtime). A weaker return pulse 106 has 1ts
leading edge threshold crossing at'T,. As 1s evident, due to the
smaller amplitude of the weaker return pulse 106, T, occurs
later than T,. The later threshold crossing of the weak signal
106 will result in a longer measured range (no comparable
arrow shown on drawing). This difference between apparent
range (different time for same velocity implies different dis-
tance/range) of the strong and weak return pulses (signals)
may be referred to as “range walk™. In other words, the
amplitude of the return pulse can cause error 1n the range
measurement.

Another source of range error 1s variations in the speed of
light at different altitudes, which can have a direct effect on
range measurement. (Again, recall that the distance measure-
ment 1s based on knowing the velocity, and measuring the
time.)

One technique for mitigating these errors in range mea-
surement 1s to employ very short laser pulses and high band-
width receivers. The noise of these recervers increases rapidly
with bandwidth due to both the expected root bandwidth
increase, and spectral noise density increase due to the detec-
tor capacitance impedance at high frequencies. The narrow
laser pulse reduces the energy transmitted. As a result, 1t 1s
difficult to range long distances with a small simple (such as
handheld) device using this technique. The methods of eco-
nomical laser construction sometimes result in longer pulses
with poorer range accuracy due to range walk with the leading,
edge detection.

Another technique for mitigating these errors 1s to use a
constant fraction discriminator (CFD) that measures the same
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part of the start (T,) and stop (return) pulse such as 1s dis-
closed 1n U.S. Pat. No. 6,646,479, incorporated by reference

herein. This pulse discriminator technique 1s used 1n the AMI
7500 series range recerver (by Analog Technologies Inc.). In
this method, the preamplifier 1s linear over the dynamic range
of interest to preserve the pulse shape and normally results 1n
less sensitivity due to the reduced preamplifier gain necessary
to prevent saturation. The CFD solution adds complexity to a
simple low cost rangefinder, and may also degrade the sensi-
tivity due to the improved signal-to-noise ratio needed for
accurate operation and detection of the laser pulse from
within the background noise.

US Patent Application 20050146703, incorporated by ret-
erence herein, discloses a single-shot laser rangefinder, and
uses a plurality of comparators each with 1ts own threshold, a
plurality of latches and multiple mputs to a microcontroller.
The microcontroller makes range corrections as a function of
signal amplitude. This approach has several disadvantages. It
1s complex, requiring a multi-wire interface from the com-
parators to the digital processor; 1t sutlers from the sensitivity
loss of the CFD solution mentioned above as the preamplifier
output has to be linear in amplitude response over the
dynamic range of interest; and 1t does not allow for the use of
a variable threshold as a means of changing the sensitivity as
a function of range, the simplest method of implementing
TPG. As disclosed therein (Abstract):

An improvement in a single-shot laser rangefinder having

a photo-detector for detecting return laser pulse signals,
a signal amplifier for amplifying the return laser pulse
signals, and a range processor for determining the range
of a reflecting object from the round trip time of tlight of
the return laser pulse signals. The difference in time at
which the strongest laser pulse signal crosses the thresh-
old for detection and the weakest laser pulse signal
crosses the threshold for detection causes a timing error
in the measured range.

The improvement includes a plurality of comparators
whose inputs are connected to the signal amplifier, each
comparator outputting a digital level signal 1n response
to an analog input signal that 1s more than the threshold
set therein at the negative input terminal of the compara-
tor; a plurality of latches, each latch connected to a
respective comparator, the comparator outputs being
fetched to the clock inputs of the latches so that when the
digital level signal presents 1itself at the clock mput, the
latch then latches to the digital level signal; and a micro-
controller having a plurality of inputs, each mput con-
nected to a respective latch for reading the outputs from
the latches, the microcontroller having a store contain-
ing a plurality of pre-set correction factors correspond-
ing to the range errors for various pulse amplitudes, the
microcontroller having an output connected to the range
processor for outputting the compensated range to the
range processor upon decoding the output signals of the
latches.

SUMMARY

It 1s a general object of the invention to provide a technique
for improving the accuracy of single shot, time-of-flight,
leading edge rangefinder receivers. A firmware correction
technique 1s disclosed.

Generally, a technique for providing range correction val-
ues 1n a laser rangefinder range processor uses return pulse
width (rather than return pulse amplitude) for correcting
amplitude (range walk) and speed of light problems. A plu-
rality of range correction values may be generated 1n a test
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setup (by simulating return pulse delays) and stored in a
lookup table based on return pulse width, range (time of
return), and other factors such as temperature and pressure.
The technmique 1s also capable of correcting other problems
such as recetver delay. The technique allows for the use of a
saturating preamplifier with the increased sensitivity that 1t
offers, and 1s relatively simple to implement, as 1t may be
embedded within a digital processor (DSP) or gate array that
1s normally present for a basic range counter implementation.

Various embodiments are disclosed herein.

Other objects, features and advantages of the invention
may become apparent 1n light of the following description(s)
thereof.

BRIEF DESCRIPTION(S) OF THE DRAWING(S)

The structure, operation, and advantages of the present
preferred embodiment of the mvention will become further
apparent upon consideration of the descriptions set forth
herein, taken 1n conjunction with the accompanying figures
(F1Gs). The figures (FI1Gs) are intended to be 1llustrative, not
limiting. Although the mnvention 1s generally described in the
context of these preferred embodiments, 1t should be under-
stood that 1t 1s not intended to limit the scope of the invention
to these particular embodiments.

FI1G. 11s a diagram 1llustrating the effect ol pulse amplitude
on range measurement, contrasting the apparent return time
for a strong return pulse with a weak return pulse.

FI1G. 2 1s a diagram 1illustrating a laser rangefinder receiver
that may be used 1n conjunction with the invention.

FI1G. 3 1s a diagram 1llustrating a range processor that may
be used 1n conjunction with the FIG. 2 embodiment of the
ivention.

FIG. 3A 15 a diagram illustrating some additional features
that may be used 1n conjunction with the FIG. 3 embodiment
of the mvention.

FI1G. 4 1s a diagram of a range correction test setup that may
be used 1n conjunction with the ivention.

FIG. 5 1s a diagram of an alternate range correction test
setup that may be used 1n conjunction with the invention.

DETAILED DESCRIPTION

Various “embodiments” of the mvention (or mmventions)
will be described. An embodiment may be an example or
implementation of one or more aspects of the ivention(s).
Although wvarious features of the invention(s) may be
described 1n the context of a single embodiment, the features
may also be provided separately or in any suitable combina-
tion. Conversely, although the invention(s) may be described
herein 1n the context of separate embodiments for clarity, the
invention(s) may also be implemented 1n a single embodi-
ment.

Electronic components such as resistors and inductors
typically have two terminals, which may be referred to herein
as “ends”. Other electronic components, such as comparators
and amplifiers may three terminals, including two “inputs”
and an “output”. In some 1nstances, “signals” may be referred
to, and reference numerals may point to lines that carry said
signals. In schematic diagrams, the various electronic com-
ponents may be connected to one another, as shown, by lines
representative of conductive lines such as wires, or traces on
a printed wiring board (PWB), or conductive lines and vias 1n
a semiconductor integrated circuit (IC) chip. When lines 1n a
schematic diagram cross over one another, a dot at the inter-
section of the two lines may indicate that the two lines are
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connected with one another, else (i1 there 1s no dot at the
intersection) they are typically not connected with one
another.

FIG. 2 1s a block diagram of a relevant portion of a single
shot, time-of-tlight, leading edge rangefinder recerver 200
incorporating an embodiment of the range accuracy enhance-
ment technique of the present invention. Since the operation
of a Time-of-Flight (TOF) laser rangefinders 1s well known,
this description 1s directed to those aspects of the recerver and
counter that pertain to range accuracy enhancement. For a
more detailed description of a laser receiver, within which the
present techniques may be incorporated, reference 1s made to
U.S. Pat. Nos. 4,939,476 and 6,650,404, both of which are
incorporated by reference herein.

Detector 201 and preamplifier 202 convert a recerved (re-
turn) laser light pulse to an electrical signal (voltage). The
preamplifier may have a high gain, typically 200 KV/A, n
order that thermal or Johnson noise 1s kept low due to a high
value of feedback or load resistor. This may results 1n pream-
plifier saturation for a wide range of return pulse amplitudes,
but the recovery time of the saturation caused by the overload
may be controlled using known techniques. One such tech-
nique 1s to use a diode or diodes to form a “soit clamp™ for the
output voltage as 1t described 1n U.S. Pat. No. 4,939,476
(Laser Rangefinder Receiver Preamplifier), incorporated by
reference herein. As disclosed therein:

A preamplifier for a laser rangefinder recetver having two
signal level modes comprises a first load resistor and an
output to the recerver. A first diode 1s placed 1n series
with a second diode, with the second diode being con-
nected 1n parallel with a second load resistor. A positive
feedback path 1s provided from the output to the junction
of the first and second diodes, wherein the first and
second diodes are nonconductive during a low signal
level mode, and conductive during a high signal level
mode.

The pulse width resulting from such an arrangement wid-

ens monotonically as the laser signal gets stronger.

The preamplifier 202 1s followed by an additional postam-
plifier gain stage 203 which may optionally be fixed, or vari-
able to perform a time programmed gain (TPG) function.
When the laser (not shown) fires at time T, (time zero), apulse
1s provided to start a range counter (not individually shown 1n
this figure, see 301 1n FIG. 3), which may be a function
performed within a digital signal processor (DSP) 206. (The
DSP 206 1s described in greater detail with respect to FIG. 3.)

A T, signal (referenced in FIG. 1 as the leading edge
threshold of the finng pulse) may be mitiated by a small
portion of the outgoing laser pulse picked up by the detector
201, or it could be a signal from the laser firing event (such as
from a photodiode viewing a small portion of laser light) fed
directly to start the range measurement.

A comparator 205 provides an output signal to the DSP 206
when the received (return) laser pulse 1s above a threshold
value created (set) by a threshold generator 204. The amount
(duration, period) of time that the magnitude of the return
pulse signal 1s above the threshold value 1s a measure of the
width of the return pulse signal pulse, starting when the return
pulse signal increases to above the threshold and ending when
the return pulse decreases to below the threshold value. This
threshold may be based on, for example:

(1) a DC value,

(1) another threshold value triggered by T, and varying as
a function of range to create a time programmed thresh-
old (A higher threshold needs a bigger signal to cross
and therefore small signals can be 1gnored.) This 1s
equivalent to reducing the recerver gain and using the
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original low threshold 1n (1) or (111), or optionally vari-
able when a time programmed threshold option 1s used.

(111) a voltage set by a noise detector to maintain a constant

signal-to-noise ratio (thus creating a constant false alarm
rate),
(1v) a combination of (1-111).
Generally the laser (not shown) has a defined pulse wadth,
typically 1 to 28 ns based on 1ts technology, and the receiver
would be optimized to work with that pulse. For example,
more bandwidth 1s desirable with narrower pulses to optimize
the signal-to-noise ratio. The receiver bandwidth limit causes
the return laser pulse to be widened as it passes through the
receiver. The amplifiers 202 and 203 widen the return pulse,
for example, to a minimum of 30 ns typically due to the
bandwidth limit, and when the preamplifier 202 1s saturated,
it can be >100 ns. A typical recerver used 1n this application
may be a Model 755 Laser Rangefinder Receiver (Analog
Modules, Inc.), the specification of which 1s incorporated by
reference herein.
There are therefore two “times” associated with the return
pulse:
an instant in time (such as T, or'T, as described with respect
to FIG. 1) which 1s used to calculate the “nominal”™
(uncorrected) range measurement; and

a period of time during which that the magnitude of the
return pulse signal 1s above the threshold value, which 1s
a measure of the width of the return pulse signal (for
example, between the points “a” and “b” 1n signal 104 1n
FIG. 1).

To increase resolution 1n the measurement of return pulse
width, a higher frequency clock (not shown, refer to 303 FIG.
3) may be used. Alternatively, both clock edges (leading and
trailing edge detection) may be used. Alternatively, a quasi-
integrator RC circuit could be used at the iput to the pulse
width counter (302, FIG. 3), with an A-D or low threshold
comparator to stretch the pulse to the existing width counter
(in the DSP) to give a higher resolution measurement of the
return pulse energy.

As described 1n greater detail below, the invention provides
a method of improving the accuracy of the laser rangefinder
receiver 1n a number of circumstances, using the return pulse
width (time above the threshold value) and the measured
range value as inputs to generate a range correction value.
Other inputs to the lookup table matrix correction circuits
(304, FI1G. 3) such as temperature, barometric pressure, alti-
tude and the like, which may have an effect on the ranging
measurement may be used to further improve the accuracy,
using the same correction method in the DSP 206.

In principle, return pulse width alone can be used to deter-
mine the range correction value 11 no form of TPG1sused, and
would only be of value 1n a simple rangefinder for limited
range values. However, when using any form of TPG, both
width and range are needed for the range correction value, as
the width 1s affected by the range as the gain or threshold 1s
changed.

The program input to the DSP 206 configures the gate array
to form counters etc. creating all the DSP functions. It1s done
during manufacture to create the functions and during test
(calibration) to set the correction values which are stored.
Normally 1t 1s never used again.

Some additional features shown 1n the rangefinder recerver
of FIG. 2, may include:

providing the output of the preamp 202 to the threshold

generator 204 to provide a time programmed threshold
function 1n the threshold generator 204 (1, 1s used to
initiate the threshold change)
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providing the T, signal to the post amp 203 to provide a
time programmed gain (TPG) function (T, 1s used to
initiate the gain change)

providing the T signal to DSP 206 to reset the pulse width
counter (302, FIG. 3), if needed, such as for processing
multiple returns

FIG. 3 provides a more detailed view of some of the inter-
nal elements and functions which may be incorporated into
the digital signal processor (DSP) 206. These may be imple-
mented by a high speed programmable gate array (FPGA),
but alternative digital means may be employed, such as would
be known to those skilled in the art. It should be understood
that there may be a number of peripheral and housekeeping
functions (such as clock distribution and processing, time
delays, registers, bullers, interfaces, line drivers, etc.) that are
omitted for clarity, but they do not affect the method of
operation. An example of a suitable high speed gate array 1s
Actel A3P250. The Actel A2F200M3F SmartFusion includes
memory, a microprocessor and other features such as ADC
(analog to digital converter) to allow a higher level of inte-
gration and ease of incorporating the optional features such as
temperature measurement.

At the time of laser firing, T, the range counter 301 1s
started and the pulse width counter 302 1s reset awaiting the
first return pulse. As 1s known to those skilled 1n the art, there
may be a mimimum range gate that would hold this condition
until the range 1s sufficient and the counter 1s ready to process
returns. This minimum range gate may be derrved from the
range counter 301 count.

The T, signal may be used to reset the pulse width counter
302 for a new measurement, or the pulse width counter 302
may be reset after each width 1s stored 1n a register as a table
input. This would allow multiple return pulses to be pro-
cessed, as described 1n greater detail hereinbelow.

A stable high-speed clock 303 drives the range counter
301, for example, a crystal controlled oscillator at 150 MHz.
The high speed clock 303 also may also be used drives the
pulse width counter 302. Alternatively, an independent or
related (to 301) high speed clock may be used to increase
resolution of pulse width measurement. For example, a ire-
quency doubled clock (or frequency doubled output of the
clock 301) may be used to enhance the pulse width measure-
ment resolution 1n the pulse width counter 302. Here we see
again that two “times” are determined

a “nominal” (uncorrected) range measurement for the
return pulse, which may be performed by measuring
from the leading edge of T, to the leading edge of the
return pulse as shown 1n FIG. 1; and

a period of time, which may be measured with the higher
resolution clock, which represents the measure of the
width of each return pulse signal.

When a laser return echo (return pulse) arrives, the range
counter 301 counts the number of clock cycles, measuring the
time (T) ofthe return from T ,. The time of the return 1s related
to range by the clock frequency, 1n a conventional way as 1s
well known (generally, distance=velocityxtime=2x range).

The pulse width counter 302 starts (begins counting) on the
leading edge (first, ascending threshold crossing, or leading
edge) of the return pulse (104 or 106), which 1s a fast digital
signal. The pulse width counter 302 stops on the trailing edge
(second, descending threshold crossing, or trailing edge) of
the return pulse, and the number of counts, which represents
(1s a measure of) the pulse width of the return signal, 1s 1nput
to (stored 1n) a lookup table matrix 304 within the DSP 206.

Meanwhile, the range counter 310 1s determining the return
pulse range (or “nominal”, uncorrected range), typically
working from the leading edges of both the firing pulse signal
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(T,) and the return pulse signal, and this range value 1s input
to the lookup table matrix 304.

A number of range (distance) correction values are stored
in the lookup table matrix 304, and are associated with the
measured range and width of the return pulse signal. These
correction values and may be determined for (programmed
into) the lookup table during a calibration step (two exem-
plary calibration procedures are described below with respect
to FIG. 4 and FIG. 5).

The lookup table matrix 304 contains a plurality of range
correction values associated with (stored close to) the com-
bination of these two measured values (range and width of the
return pulse signal) and, based on the measurement of these
two values, an appropriate range correction value 1s sent to an
adder 305 that adds (or subtracts) the stored range correction
value for this combination to the range counter 301 output
(“nominal”, uncorrected range) to give a final corrected range
output (Range OP).

A method of filling 1n the range correction values of the
lookup table 304 1s described below (*“Calibration™).

Some additional features which may be incorporated into
the range processor 206 may include.

A divider 306 may be provided for scaling the range to
make a small correction for clock frequency error, and
settable for different units 11 the crystals need corrected,
as described 1n greater detail hereinbelow.

Registers 1 and 2 for storing the values of multiple mea-
sured ranges, as described in greater detail hereinbelow

temperature sensing 307 as an mput to the lookup table
matrix.

As an alternative to using a lookup table 304, the range
correction value may be calculated using an algorithm or
equation representing the correction functions and outputting
the range correction value to achieve essentially the same
result. The method selected (lookup table versus algorithm)
may depend on the digital device used for the processor, but
the lookup table implementation may be generally preferred
because of the difficulty 1n deriving equations to match the
non-linear behavior of the function. Modern DSP’s have sub-
stantial inexpensive storage capacity, and setting 1n (storing a
large plurality of) measured (and/or calculated) values 1s gen-
erally simpler and more economical. (The equation or algo-
rithm may have constants inserted to match the relationships
ol pulsewidth and range (and temperature) to a correction
value to get zero range error, and may be best suited to a “one
value for all” units mstallation. )

This process may be extended to multiple or last returns by
counter design methods known to those skilled 1n the art. For
example, 1t 1s possible that one laser finng may generate a
laser beam that may intercept multiple objects such as veg-
ctation or camoutlage on 1ts way to the target (shorter range
than the target), or a portion of the beam may overshoot the
target and give an echo from a longer range.

For example, a first corrected range return (range OP) from
the adder 305 may be stored 1n a register (Register 1) and the
pulse width counter 302 reset after 1ts data 1s used or stored in
anticipation of use. The range counter 301 may keep running
with the instantaneous range count sampled on the fly and
held 1n another register (Register 2) each time a new return
signal arrives. The new corrected range from the adder 305
may be stored 1n the DSP 206 and the process repeated. After
a maximum range limit 1s reached, which may defined by the
counter size or the application, then the range and width
counters may be reset awaiting a new 1,. The stored multiple
corrected ranges (first, second, last etc.) from the laser firing
are made available to a user (not shown) for selection and
disposition. The registers (1 and 2) may be used to store the
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value of multiple measured ranges, and an appropriate range
correction value may be applied separately and indepen-
dently to each range of the measured ranges.

The range counter (301), pulse width counter (302), adder
(305) and lookup table (304) shown 1n FIG. 3 may advanta-
geously be combined in one high speed gate array (FPGA) or
similar digital processing device to generate the range cor-
rection value. With these functions combined, 1t may be effi-
cient and convenient to add a further accuracy enhancing
teature. For example, the clock frequency has to be set to an
exact number such as 149.896229 MHz, and this 1s expensive
to manufacture exactly. Moreover, light slows down 1n the
atmosphere and therefore time of tlight rangefinders should
be calibrated at a certain height above sea level or atmo-
spheric pressure as a means of estimating retlective index of
the light transmitting medium. The use of a lower-cost crystal
clock at a standard frequency (such as 150 MHz) 1s cheaper,
and the frequency could be adjusted to compensate for the air
refractive index. This may be done 1n a somewhat similar way
by adding or subtracting a small error signal to the measured
output of the range counter 301. This error signal would be a
small fraction of the measured range, generated by a divider
306, and the arithmetic operation may be done atter the rang-
ing in real time 1s complete. (This method of “correcting the
clock™ allows the use of a standard crystal frequency, with a
fixed fraction of the measured range value subtracted or
added to the measured value to create (result in) a new (modi-
fied/adjusted) range equivalent to the value that would be
obtained with the desired clock frequency.)

In a simple rangefinder, the fraction (provided by the
divider 306) may be fixed, but for extreme accuracy 1t may be
set by external means; directly, or by referring to a lookup
table (separate from the lookup table 304). With reference to
FIG. 3A, for example, the lookup table 308 for the divider 306
may have a digitized pressure measurement as an input (1n the
manner of optional temperature input 307) and a range frac-
tion as an output. It 1s apparent that the method taught in
FIGS. 4 and 5 would apply without change, except that the
demanded reference range from the computer 405 1s the
desired correct range in the conditions of rangefinder use,
thus forcing the DSP to take into account and correcting for
the clock error and actual speed of light (as well as any other
errors as described above 1n the walk correction method). The
correction factors which have been stored can be used to
correct essentially all range errors to give the correct range
output. It should be clear to those skilled in the art that several
alternative 1implementations of the same function may be
created without deviating from the spint of the invention,
including separation of the range walk and clock correction
tunctions. (The clock correction provided by the divider 206
1s proportional. The range correction provided by the pulse
width counter and lookup table 304 1s point-by-point. As
mentioned above, an equation may be used in lieu of the
lookup table 304.)

It should be understood that, in various embodiments dis-
closed herein, T, may be an electrical signal instead of an
optical signal injected into the recerver laser pulse path, or
directly into the DSP as a start pulse.

Calibration

A desirable feature of the rangefinder receiver technique
disclosed herein 1s that it 1s relatively easy to calibrate. (Cali-
bration generally involves generating lookup table values,
and correcting for errors.) An embodiment of a calibration
technique 1s shown in FIG. 4. An alternate embodiment of a
calibration technique 1s shown in FIG. 5. The calibration
techniques described herein may be used to calibrate the laser
rangefinder recetver (and processor) shown i FIGS. 2 and 3.




US 8,619,239 B2

9

FIG. 4 (*range correction test setup™) shows an embodi-
ment of a calibration technique or procedure comprising a
programmable delay generator 401 with at least 2 outputs
(OP1, OP2). A suitable Programmable Delay Generator may
be the DG535 Digital Delay Generator (Stanford Research)
or the 9512 Pulse Generator (Quantum Composers). The
Programmable Delay Generator 401 may be controlled
through a GPIB (General Purpose Interface Bus, IEEE 488)
by computer/user interface 405 (which may be GUI).

The first output (OP1) of the programmable delay genera-
tor 401 drives a first laser source 402 to generate a “I, pulse”,
and the second delayed output (OP2) drives a second similar
laser source 403 with a fiber output mnto a GPIB program-
mable attenuator 404 (such as Agilent 7751 A series).

Although a general purpose interface bus (GPIB) 1s shown,
it should be understood that other methods of controlling the
delay generator 401, attenuator 404 and laser sources may be
used such as RS232, or separate real time logic signals.

The output of the attenuator 404 (delayed output signal
407) 1s used as the (simulated) return echo signal with pro-
grammable delay time and amplitude, and this value 1s known
and calibrated at the recerver detector (201, see FI1G. 2) part of
the recerver (RX) 200. The programmable delay time simu-
lates range, for calibration of the recerver. A plurality of return
signals may thus be simulated, varying conditions such as
time (range) and amplitude, and appropriate correction values
servoed for zero range error 1n each condition and set into the
lookup table matrix (304).

The T, pulse amplitude (from laser source 402) may also be
arranged to be the correctlevel by optical components such as
attenuators, diffusers etc. as 1s well known to practitioners.
The delayed output 407 of the programmable attenuator 404
1s arranged to be adjustable 1n time and amplitude over the
range of echo signals expected.

With this set up, test range accuracies down to 1 cm are
possible. Values for the lookup table (304) may be derived and
used for all similar receivers by embedding the correct values
within the DSP (206) configuration program. I desired, each
range recerver may be calibrated individually for increased
accuracy.

It1s also possible to extend the lookup table (304) to correct
for the eflect of temperature vanations by using the same
calibration process at different receiver temperatures and
storing the results 1n the lookup table (304). An optional
temperature sensor (307, see FIG. 3) may be incorporated in
the equipment to give this condition.

For a first time set up, the computer test firmware may
program the lookup table (304) mitially with zero range cor-
rection stored, and then send a trigger pulse to the program-
mable delay generator 401. A T, pulse will then be output
from the first laser source 402. This T, pulse should have the
same characteristics as the recommended equipment operat-
ing condition 1n terms of wavelength and shape.

After a programmed precision stable delay created by
delay generator 401, the second laser source 403 outputs a
similar pulse through the programmable attenuator 404. This
pulse 1s recerved as a (an “ersatz” or similitude of) return echo
by the receiver (RX) 200, and the range time 1s measured by
the range counter 301 with an initial correction error of zero.
The computer firmware 405 compares the range which 1s
measured (arrival time of the return signal) to the known
range sent to the precision delay generator 401 and the dif-
terence 1s set into the lookup table 304 for that value of range
and return signal level.

The process may be repeated for multiple ranges and echo
signal amplitudes with the proper correction amount servoed
for zero range error 1n each condition (range and amplitude,
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and temperature) set into the lookup table matrix 304. The
TPG (time programmed gain) may be applied normally dur-
ing this process so that any variations due to its operation are
factored into the calibration. The TPG varies the sensitivity of
the recerver as a function of range so that there 1s less sensi-
tivity to shortrange strong signals and more sensitivity to long
range weaker signals.

After the receiver has been calibrated, 1n use (1n normal
operation, 1n the field), a pulse 1s fired, and when a return
signal 1s received the range 1s known and the correction factor
(range correction value from 304) closest to the measured
return pulse width count 1s applied, to arrive at a corrected
Range OP.

A variation of the FIG. 4 embodiment would be making T,
an electrical signal 1nstead of an optical signal 1njected nto
the receiver laser pulse path, such as a signal dertved from the
signal driving the laser.

The lookup table 304 contains a large number of discrete
correction values, and the measured range and pulse width
may not exactly match these stored values. Intermediate val-
ues may be calculated using known (conventional) interpola-
tion methods. (Interpolating between stored correction values
to give a more accurate correction for width, range, tempera-
ture, or any combination of these which 1s not a stored value.)
Alternatively, the closest value 1n the table (304) either above
or below the measured input may be used. This correction
may be positive or negative depending on the results of the
calibration cycle. The stored values are normally retained for
the life of the receiver/counter assembly unless, for example,
it needs to be recalibrated for a different laser pulse width, or
calibrated as part of the complete laser range finding system.
Once the calibration values are determined, they may be
programmed 1nto all similar receiver/counters.

If an equation (rather than the lookup table) 1s used to
generate the correction value, then the constants may be
entered to create the zero range error condition 1n all test
circumstances to create a “best {it” equation. Generally, this
would require more complex test software or a one-time
optimization.

Other techniques and/or variations may be implemented to
accomplish the error measurement (calibration) task. For
example, slightly better accuracy may be achieved by using a
common single laser source (rather than two laser sources
402, 403), and implementing switched optical delays, as
described with respect to FIG. 5.

FIG. 5 shows an alternate embodiment of a range correc-
tion (calibration of 304) technique, having some elements in
common with the technique described with respect to FIG. 4.
A laser source 501 (the output thereof) may be split into a T,
channel 501a and a return channel 5015 using a fiber optic
splitter 502. The output of the T, channel 501a¢ may be
adjusted by commonly known optical level control means
503 such as an optical ND (neutral density) filter, attenuator,
or diffuser with spacing to adjust the light level at the detector
201 (FIG. 2) setting T, at the desired value. The return chan-
nel 5015 goes through a programmable attenuator 504 (simi-
lar to 404) then through a plurality of fiber optic delays 505
that can be switched 1n and out with optical switches, such as
programmed from the GPIB (IEEE-488) bus, to simulate a
plurality of return pulse conditions (ranges, amplitudes). The
optical delay lines may be calibrated lengths of optical cable.

An advantage of this method (FIG. 5) over the previously-
described method (FIG. 4) 1s that only a single laser source
501 1s used, and therefore the pulse shape for the T, (firing)
pulse and the return pulse will be similar (essentially 1denti-
cal) as they have the same source, and so the error budget for
any source laser jitter 1s removed.
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A disadvantage of this method (FI1G. 5) 1s that it 1s generally
more difficult to create optical delays than 1t 1s to create and
control electrical delays (FIG. 4).

As an alternative to the calibration techniques (FIGS. 4 and
5) described herein, a “live range™ with multiple targets may
be surveyed, using the rangefinder, to measure the correction
factors.

While the invention has been described with respect to a
limited number of embodiments, these should not be con-
strued as limitations on the scope of the invention, but rather
as examples of some of the embodiments. Those skilled 1n the
art may envision other possible variations, modifications, and
implementations that are also within the scope of the mven-
tion, based on the disclosure(s) set forth herein.

What 1s claimed 1s:
1. A method of generating a range correction value for a
time-oi-tlight laser rangefinder receiver comprising;:

detecting a return pulse and generating a return pulse sig-
nal;

determining a width of the return pulse;

providing a range correction value based on the width of
the return pulse;

determining a range of the return pulse; and

providing the range correction value based on the width
and the range of the return pulse;

wherein a plurality of range correction values are stored
during a calibration procedure 1n a lookup table matrix;

wherein the calibration procedure comprises:

providing two laser sources;

using a delay generator to generate a first output pulse for
a first of the two laser sources to generate a T, pulse
simulating a firing pulse;

using the delay generator to generate a plurality of select-
able second output pulses for a second of the two laser
sources to simulate a plurality of delayed return pulses,
and providing these pulses through a programmable
attenuator; and

performing the procedure for multiple ranges and echo
signal amplitudes for the simulated return pulses with a
proper correction amount servoed for zero range error 1n
cach condition set 1into the lookup table matrix.

2. The method of claim 1, wherein:

the range of the return pulse 1s based signal on leading edge
detection.

3. The method of claim 1, further comprising;

interpolating between stored correction values to give a
more accurate correction for width, range, temperature,
or any combination of these which 1s not a stored value.

4. The method of claim 1, further comprising;

providing a threshold value for a comparator; and

providing the return pulse signal to the comparator;

wherein the width of the return pulse 1s related to a time that
the return pulse signal 1s above a threshold value;

wherein the threshold value 1s based on at least one of:

(1) a DC value,

(1) a time programmed threshold, and

(111) a voltage set by a noise detector to maintain a constant
signal-to-noise ratio.

5. The method of claim 1, further comprising;

using a set of stored correction factors as a function of
range with at least one of a time programmed gain (TPG)
function and a time programmed threshold function
used 1n the range receiver.

6. The method of claim 1, further comprising:

using a digital processor (DSP) to measure the return pulse
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wherein the DSP comprises a gate array for storing prepro-
grammed range correction values and comprises an
adder to sum a correction value with a measured range to
generate an accurate output range.

7. The method of claim 1, further comprising:

storing values for multiple measured ranges and applying
an appropriate correction factor separately and indepen-
dently to each range.

8. The method of claim 1, further comprising:
correcting for a range of temperatures.

9. The method of claim 1, further comprising:
providing a clock; and

correcting the clock to allow the use of a standard crystal
frequency, with a fraction of the measured range value
subtracted or added to the measured value to create a
new range 1f that value that would be obtained with the
desired clock frequency;

turther comprising;:
changing the fraction value based on an external input; and

storing a plurality of fraction values in a lookup table and
selecting a given stored value based on the external
input.

10. A method of generating a range correction value for a

time-oi-flight laser rangefinder receiver comprising:

detecting a return pulse and generating a return pulse sig-
nal;

determiming a width of the return pulse;

providing a range correction value based on the width of
the return pulse;

determining a range of the return pulse; and

providing the range correction value based on the width
and the range of the return pulse;

wherein a plurality of range correction values are stored
during a calibration procedure 1n a lookup table matrix;

wherein the calibration procedure comprises:
providing a single laser source;

splitting an output of the laser source into a T, channel and
a return channel;

providing a programmable attenuator and a plurality of
fiber optic delays that can be switched 1n and out 1n the
return channel to simulate a plurality of return pulses
having various ranges and amplitudes; and

performing the procedure for multiple ranges and echo
signal amplitudes for the simulated return pulses with a
proper correction amount servoed for zero range error 1n
cach condition set into the lookup table matrix.

11. The method of claim 10, wherein:

the range of the return pulse 1s based signal on leading edge
detection.

12. The method of claim 10, further comprising:

interpolating between stored correction values to give a
more accurate correction for width, range, temperature,
or any combination of these which 1s not a stored value.

13. The method of claim 10, further comprising:
providing a threshold value for a comparator; and
providing the return pulse signal to the comparator;

wherein the width of the return pulse 1s related to a time that
the return pulse signal 1s above a threshold value;

wherein the threshold value 1s based on at least one of:
(1) a DC value,
(1) a time programmed threshold, and

(111) a voltage set by a noise detector to maintain a constant
signal-to-noise ratio.
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14. The method of claim 10, further comprising:

using a set of stored correction factors as a function of
range with at least one of a time programmed gain (TPG)
function and a time programmed threshold function
used 1n the range receiver.

15. The method of claim 10, further comprising:

using a digital processor (DSP) to measure the return pulse
width;

wherein the DSP comprises a gate array for storing prepro-
grammed range correction values and comprises an
adder to sum a correction value with ameasured range to
generate an accurate output range.

16. The method of claim 10, further comprising;:

storing values for multiple measured ranges and applying
an appropriate correction factor separately and indepen-
dently to each range.

17. The method of claim 10, further comprising:

correcting for a range of temperatures.

18. The method of claim 10, further comprising:

providing a clock; and

correcting the clock to allow the use of a standard crystal
frequency, with a fraction of the measured range value
subtracted or added to the measured value to create a
new range 1f that value that would be obtained with the
desired clock frequency;

further comprising:

changing the fraction value based on an external input; and

storing a plurality of fraction values 1 a lookup table and
selecting a given stored value based on the external input.
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19. A time-of flight laser rangefinder recerver comprising;:

a detector for generating a return pulse signal;

means for determining a width of the return pulse signal;

means for providing a range correction value based on the
width of the return pulse; and

means for determining a range of the return pulse;

wherein the range correction value 1s based on the width
and the range of the return pulse;

wherein a plurality of range correction values are stored
during a calibration procedure 1n a lookup table matrix,
with a proper correction amount servoed for zero range
error 1n each condition set 1into the lookup table matrix;

turther comprising at least one laser source, and

in the case of a single laser source, further comprising
means for splitting an output of the single laser source
into a T, channel and a return channel; a programmable
attenuator and a plurality of fiber optic delays that can be
switched 1n and out 1n the return channel to simulate a
plurality of return pulses having various ranges and
amplitudes; and

in the case of two laser sources, a delay generator for
generating a first output pulse for a first of the two laser
sources to generate a T, pulse simulating a firing pulse
and for generating a plurality of selectable second output
pulses for a second of the two laser sources to simulate a
plurality of delayed return pulses, and a programmable
attenuator acting on the pulses.

G o e = x
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